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PRESSURE RISE, GAS VIBRATIONS AND COMBUSTION NOISES 
DURING THE EXPLOSION OF FUELS* 
3y Professor Wawrziniok 
In the use of piezo-quartz indicators (reference 1) 
for high-speed automobile engines, the interpretation of 
pressure-time diagrams made by an oscillograph offers cer-
tain difficulties. On the one hand, the scale of the 
pressure amplitudes is not always the same under all con-
ditions, while, on the other hand, the atmospheric zero 
line may be shifted from its correct position in the oscil-
logram. Both depend on the fact that, under certain con-
ditions, either the vacuum in the amplifying tubes or the 
initial mechanical tension of the quartz body in the indi-
cator housing may change during the running time, Of 
course this initial pressure may be adjusted to a certain 
scale at the outset, in which case its magnitude is of 
secondary importa.nce, but it raay change when the heating 
of the housing increases or decreases the pressure on the 
quartz body . These changes can be reduced to a minimum, 
however (e.g., by making the housing of Invar steel), but 
they still (theoretically) remain. They may therefore 
cause the above-men t i oned d.i spl acemen t of the a tmo spher i c 
zero line in the oscillogram during the test, the displace-
ment boing proportional to the temperature change. 
Those facts make it necossary to vorify tho readings 
of the quartz indicators by direct calibration before and 
after each series of tests and, on the basis of the re-
sults, to determine the scale for the oscillograms. This 
is somewhat troublesome, but offers no special difficul-
ties with a suitable arrangement of the apparatus. 
In the development of the whole method of testing, it 
was , therefore, not only necessary to insure the reliabili~ 
ty of the appa~atus, but also to provide for its calibration. 
*"Druckanstieg, Gasschwingungen und Verbrennungsger~usche 
bei der: Verpuifung von Kraftstoffen.1I Automobiltechnische 
Zeitschrift, 1933, February 10, pp. 73-78, and March 10, 
PP . 136-142. 
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This assumption m:-l.de it necessary not to conduct the 
first tests of the new apparatus with engines, where the 
numerous "variables" make the combustion phenomena more 
difficul t to exp lore, but wi th special calorimetric "bombs," 
in which it is possible to determine accurately th e compo-
sition of the combustible mixture and to study the course 
of the combustion unaffected by mino r details.* 
After overcoming numerous difficulties, an experimen-
tal set-'.lp was developed which is shown diagrammatically 
in fi gure 1.** The freely suspended test bomb 1 , of forged 
steel, is p rovided with an electric heating jacket 2. The 
bomb is closed at the top by a screw cover 4 with a tighten-
ing cone 3 t~rough which are led the high-pressure pipes 
5 and 6, as als o the conduit for the electric igniter z. 
At the lower end, separated by a strong 0.4 mm (0.016 in.) 
diuphragm 7, t~ere is a chamber 8 in which the quartz bod-
ies 9 of the indicator are installed and held by the screw 
10 wit~ initial pressure. After the manner of Davyts safe-
ty la.mp, a copper wire gauze wa.s p laced over the diaphragm, 
in order to pr otect it from the flame and from a.ny change 
in the initial pressure resulting fr om an increase in tem-
p erature. 
For recording the time p oints according to Schnauffer 
(refer ence 2), there are p laced inside the bomb the annu-
lar electrodes 11 and 12 (J1 and J2 ), made of copper 
wire. J 1 and J 2 are connected, through packing glands, 
wit h t~e ionization circuits 13 and 14. These a~e connect-
ed with the string galvanometers 15 and 16 whose deflec-
tions are reflected by the mirrors 17 and 18 on the film 
19 and reco rded in the corresponding di agrams. The time 
diagram is made on the film by an opt ical time recorder 
( tuning fork) 20. The passa~e of a spark in the igniter 
z of the bomb 1 is effected by the remote ignition contact 
21, controlled by the f ilm, through the relay 22 and the 
induction circuit 23. 
*See A.T.Z. (Automobil technische Zeitschrift), No. 12 
(1 932) , p. 311. 
**The d evelopment of the test method and the execution of 
t~e t ests, as well as the mathematical evaluation of the 
resl1t s, were intrusted to my scientific fellow workers 
Martin and SchildwRchter. The mechanic Liebsch installed 
the apparatus a::1d assisted in t lle tests. 
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For recording the pressure diagram on the film 19, 
the ~uartz indicator 9 is connected through the static 
tube voltmeter 24 with the Braun's tube 25. The beam of 
light from the Braun's tube is transmitted through a suit-
able lens 26 to the film. 
For recording the noise, there is installed near the 
bomb a Rie gger condenser microphone 27 in a high-frequency 
circuit which is connected through a low-frequency ampli-
fier with t~e Braun's tube 28 whose projection device 29 
records the sound diagram on the film. (See also AITIZ. r 
August 20, 1930, p. 546.) Since the sound diagram begins 
long enough after the recording of the ignition time point, 
the latter could be addod to the sound record. In order 
to obtain, in tho oscillogram for the ignition mark, a 
single vertical and regulatable deflection. the requisite 
device was installed as the ignition-point recorder 30 at 
the output end of the low-frequency circuit of the noise 
recorder. At the same time it was possible to avoid the 
coupling of the ignition circuit breaker to the static 
tube voltmeter of the quartz-indicator c~rcuit by screen" 
ing and by the introduction of d~mping resistances (5 X 
10 4 0) in the induced ignition circuit. 
Figures 2 and 3 show the diagrams for the combustion 
of hexane vapor of concentration 2.91 percent by volume, 
corresp ondi n g to an air-excess factor of ~ = 0.736, that 
is, with pronounced air s h ortage; and 1.82 percent by vol-
ume, corresponding to ~ = 1.19, that is, with air excess. 
The gag e pressure in the bomb before the beginning of the 
combustion was 4 atmospheres. 
The pressure curve of the quartz indicator 9 recorded 
by the beam of li ght from the Braun's tube 25 together with 
the tuning-fork diagram represents the time-pressure dia-
gram of the combustion. The pressure scale was determined 
f or f our values by two static calibrations by means of com-
p re s sed air with the aid of precisio~ manometers immediate-
l y before and after each combustion test. In every case 
both calibration curves agreed perfectly, which proved 
t hat t h e heating of the indicator housing b y the heat pro-
duced by the test did not appreciably affect the initial 
p r essure on the quartz bodies, nor, t h erefore, the osci110-
grams. 
With a cap acity C = 50 0 c ~ (.1 6 in.), the time con-
stant T f or t h e static cnar g a at t h e control grid of the 
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tube voltmeter was 600 seconds in the most unfavorable 
case, that is, for T = OR the voltage U at the control 
grid falls, acc<ording to the formula 
=L-
C R 
U == Uo €I 
to the 2.718t~ p art of its initial value in 600 seconds. 
For the mixture f... > l, the maximum time between igni ti on 
and Pmax was about 0.25 second. Due to the time con-
stant, the greatest possible error with respect to the 
pressure araplitude therefore amounts to only 
-0'25 
6 0 0 '\ 
- e ' 100 = 0.04 percent 
The two diagrams above the pressure diagram are rec-
ords of the two string galvan ometers 15 and 16 (fig. 1) , 
whi ch are connected with the ionization electrodes of the 
bomb. T~le galvanometer -strings are deflected as soon as 
the fla.me in the bomb reaches the ionization electrodes 
J 1 and J 2 • A mean combustion velocity can be calculated 
from the time and distance. This value holds , however, 
as will be seen from subsequent explanations, only for the 
bom-b s ac tually used and f or the pre s sur e and tempera tur e 
conditions prevailing at that time. 
The continuous pressure rise to the i onization point 
J 1 admits of the conclusion that, up to this point, there 
i s no disturbance of the advance of the flame front owin g 
to turbulence or reflection from the bomb walls , so that 
the moti on of the flame front can be assumed to be prac -
t ically li near . T~le f ormula used in a previous report 
(A. 'r.Z., 1 93 2, p. 237) for this definite pr ocess with "lin-
ear combustiorr velocity" ther efore seems admissible, all 
the more since there is hardly any a ppar ent precompression 
of t h e still unburned porti on of the mixture during the 
fi rst phase of the combustion. 
From the second phase of the combusti on, in which the 
p ressure does not increase at a constant rate, but at a 
d iminished rate soon after ~, it is obvious that , due 
t o the spreading of tho flame towar d the walls of the bomb, 
these walls, desp ite heating to 150 0 O. (302 0 F.), seem 
to abstract heat f roo the flame. A IIcombustiorr. velocityll 
.. 
'. 
.. 
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Vz calculated fro~ the flame path J1 to J 2 would not, 
therefore, be comparable with the "linear combustion veloc-
i ty" v!l' s inc e the former would. be aff ect ed mor e than the 
velocity Vl by the turbulence of the flame and by the 
preliminary compression of the still unburned contents of 
the bo~b. The "exp losion velocityll of the charge is deter-
mined from the length of the bomb and the time (calculated 
from the instant of ignition) taken to reach the maximum 
pre ssure in the bomb. This is an important criterion for 
the fuel used under the existing test conditions. This 
exp losion velocity is calculated in the Same way as the 
mean flame velocity determined by N~gel (reference 3). It 
di f fers fro m the latter, however, insofar as the cylindri-
c a l bomb used does not possess the perfect stereometric 
regularity of the spherical N~gel bomb with central igni-
tion, for which the propagation of the flame "shell" was 
op tically determined by Lindner (reference 4). 
The upper most curve in the film strips shown in fig-
ures 2 and 3 are noise curves. In principle they corre~ 
sp ond to the noise curves in my rep ort IIMethode zur Messung 
d e r Klo p fgerM.u sche in Verbrennungskraftmasch inen u (Met h od 
f or Measuring Detonation Noises i n Internal-Combustion 
En gines), (A.T.Z., 1931, p . 545), with the difference 
that, in the present case, the pressure and noise curves 
are recorded simultaneously and synchronously on a common 
film. Thus it was p ossible to show, with close approxima-
tion, t h e time of the b eg inning of the noise and its na-
ture, as li k ewise its di winution in relation to t h e pres-
sure develop ment. 
The electric current for recordi n g the noise had to 
be taken from the direct-cur rent system of t he institute. 
Hence the vibrations superpose d on this direct current, 
bec au se of the sen sitive hi gh-frequency circuit, set up 
a n interference level, despite the built-in line choke. 
This level is more or less visible in the noise curves, 
e v en before t h e be g inning of the combustion noisos. It is 
rolatively low, however, so that it can be readily sepa-
r a ted from t h e frequencies involved. 
In agreement with all the recorded noise curves, i t is 
cl e arly recognizable from fi gures 2 a nd 3 that, toward the 
e nd of the combustion of t h e bomb charg e, si nusoidal vi-
brations of low f requency, of ab ou t 900 Hertz and small 
a mplitudes, o c cur red, wh ich, s h or t ly b efore the maximum of 
t h e pressure rise, changed to 1, 800 Heitz a nd then dropp ed 
to 1, 600 Hertz as t h e n oise d ied a way. With strong concen-
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trations of the gas mixture, still h i gher frequency of 
about 3,600 Hertz occurred for a short time, in addition 
to these two frequencies. It appears as if these frequen-
c ies were related like har~onics. i.e., in this case, as 
1:2:4. Tnese tnrse frequencies are audible as Soon as 
their pressure 3,mplitudes pass the threshold of audibility. 
They then correspond to the combustion noises heard by oth-
er investi ga tors and described as howling, whistling, etc. 
Only the predominating fundamental frequency, and of 
t~at only the first part of th e vibration curve which fol-
lows an exp onential curve having a duration of about 1/200 
sec ond is used for the eva luation . The frequencies cali-
brat ed by means of a vibration buzzer (fig. 4), cover a 
sufficiently broad frequency band for the present tests 
and serve as the criterion of transmission for the electric 
sound recorder. 
The gradual transition to the fundamental dominating 
noise frequency of 1,850 Hertz and the attendant gradually 
incr easing amp litude are n ot i ceabl e in the noise curves. 
This phenomenon is at first contrary to the noise curves, 
which corresp ond to the detonations of eng ines and in which 
the transition to the dominating frequency, sudde; l'l ly be-
c omes visible, with large amp litude (fig. 5). (A .T. Z., 
1931, p. 545 .) On closer exami nat ion, however, it is clear 
that the first vibration amplitude before the point A is 
almost of the order of magnitude of the interference level, 
while the fourth vibration amplitude is already in the 
maximum . All four vib r a tion amplitudes show a definite 
p ercent a g e increase, ~ phenomenon similar to the combus-
t ion .. noi s es in the bomb t ests u nd er consideration. 
In these tests it could be first demonstnated by the 
eval uati on of a few diagrams (figs. 2, 9, 12, 13, 19) that 
the amnl itude increase (negative decrement) of the combus-
ti on noises in the bombs d id not occur suddenly, but with 
an approximately exponential in c rease. I n the p resent 
case the decrement for the a mplitudes a1 and a~ of two 
successive half-waves is 
d = 
For the test bombs with all g as mixtures with ~ < 1, the 
de crement averaged 
dbomb - 1n (0.8 t o 0.9) . 
.' 
.. 
-, 
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The formula 
dengine = tn 0.6, 
determined with close approximation for the detonation dia-
gram of the Elite engine (fig. 5), supports the assumption 
that the nonsinusoidal detonation noise in the combustion 
en g ine is a phenomenon similar to the combustion noise in 
the bo mb . Fo:;:- comparison, these decrements are represent-
ed in figure 6 for both bomb and engine. 
Although the time point of the beginning of the noise 
in the test bomb seems to be shifted toward - CD through 
the introduction of the log arithmic relation, the consid-
eration that the ignition takes place in finite time and 
that t h e logarithmic function holds only for the process 
during a limited time, makes the method of interpretation 
of th e vibration diagrams, ac~ording to the first visible 
be g i nn ing, a p:g ear permissible and correct. (The electric 
amp lification was the same in all these tests, so that the 
so-call ed op tic a l thr e shold can be as sumed. to be con stan t.) 
While t h e loudness of the noise depends largely on 
the nature an d. concentration of the mixture of fuel vapor 
a nd air (p ercen t ag e composition by volume) and increases 
with t h e co n ceDtration, the dominating frequency of tne 
noi s e for a ll t h o f uel-air mixtures tested was nearly the 
s am e und er all conditions . This was about 1,850 Hertz in 
all t ests wi th t h e bo mb s h own in figure 1. 
Th is fact seems to justify the earlier conjecture, 
based on other experiments, that the combustion noise is 
somehow connecte d with the n atural vibrations of the bomb 
cause d by i mp acts, or that the gas vibrations resulting 
from the combus t ion are imparted to the walls of the bomb 
a nd t hu s b ecome audi b le. (Lorentzen, Z. f. angew. Chemie, 
1 931, No.7 .) This surmise was strengthened by the super-
po s e d gas-p ressure vibrations, shown by way of example in 
fi gure 7, the frequency of which agrees with that of the 
noise-vibration curve. Eoth were about 1,850 Hertz, as 
could be determined from the pressure-time curve by the 
electric filtering of the g as-pressure vibrations (fig. 9). 
Th e voltage had to be increased about a thousandfold.* 
*Th e s eparation of the fre quenc y , 1, 85 0 Hertz, was done by 
a n altern ati n g- current a mp lif ier, which was connected with 
the direct-cu rren t a mp li f ier. Th e a mplitude of the gas-
pressu re vibr a tions amounted to as mu ch as 4 atmospheres 
ace·ord.ing to t h e tests under consideration. ' 
" '. t l . · 
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As proof that, in a bomb moun ted on a foundation, the 
vibrations of the bomb, prowid ed any actually o c cur, must 
also be transmitt ed to th e f oundation, th e vibration curve 
of the foundation was recorded in conjunction with the 
noise pi cture by means of a ~iezo- quartz concussion record-
er (fig. 10). Wit h the natural vi bration of the founda-
tion of about 63 Hertz developed by a force liberated in 
t he bomb, the foundation shows upper harmonics of 1,850 
Hertz, corresp onding to the g as an d noise vibrations. 
These harmonics a re doubtless only fo rced vibrations ex-
cited by the bomb itself. The static calib~ation _of the 
concussion recorder showed tha t a 1 2 mm (0.47 in ,) oscil -
lo graph deflection corresponds to a f orce K = 1 kg (2.2 
lb . ). Hence, in conformity with the formula 
K;a = m a2 w2 (fig. 10) 
for the p osition of the concus sion recorder, the maximum 
amp l itude could be calculated for w = 2 TI l850/second at 
a;a ' ~ 2.5 X 1 0 - 7 mm. This amp litude is of the orde r of 
magnitud e of interatomic distances. (The mass resting on 
the quar tz bodies amounted to 24/9.81 kg m-~ sec2 .) 
In order to determine wh~ther the natural vibration 
of the bomb mat erial participates audibly in the combustion 
noise, further tests had to be mad e with bombs of other 
sizes and d esi gn . For examp le, the natural frequency of 
a thin-walled bomb with a combustion chamber 1 3 .8 c m (5. 43 
i n .) long was deter~ined by str i king . It was 5,500 Hertz 
(f i g . 11). The record of the combustion noise was then 
obtained, a s shown in figure 12. An exp onen t ially be g in-
nin g vibration of 3,300 Hertz is recognized. Aside from 
the recorded fr equenc y , there are also p rotracted b e ats, 
which ar e indicative of a second f re quency very different 
f rom the momentary beat frequency. The 3,300 Hertz fre-
quency c a n belong onl y to gas vibrations. Accordingly it 
is p ossible that eit her t~o g as vi b rations are a lone audi-
o le, ins ofar a.s their amplitude fa l ls within the range of 
the human eardrums, or that, i f th e e: a s vibrations have 
components with a frequ ency of 5500/s econd, the natural 
vibrations of the bomh material induced by them are also 
audible. In such cases the bomb mate rial may be hi ghly 
str essed with consequent risk of fai l ur e from resonance. 
In a. t h ird. bomb having a combustion ch a mb er 19.7 cm 
(7.76 i n .) lon~ the first frequoncy of the gas vibration 
was 2,300 Hertz ( f i g . 13). The natural vibrations of this 
bomb we r e not visible on a ccount or the t h ickness of its 
wal ls. The same wa s true of the large test bombs. 
,-
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The test re~ults permit the supposition that the gas-
vibration frequency depends on the shape and length of the 
combustion chamber. This supposition is supported by th e 
values in table I, which gives the dimensions of the test 
bo mb s and the experi mentally determined frequ~ncies of the 
gas vibrations. From t he pro~ortionality of t he combus-
tion-chamber lengths and t h e corresponding gas vibrations 
we obtain, for the three bo mbs usod, the prop ortion : 
1 25 : 19.7 : 13.8 = l850 _1_ 2350 
-1-__ 
3360 
(In or der to make the proportion exact, the denominators 
23 00 and 3300 were raised to 2 3 5 0 and 3360, respectively. 
These corrections I".re allowa-Dle, since they lie within 
th e region of observed frequency variations . 
Fro m this result i t -may be concluded that it is sim-
ply a question of longitudinal vibrations of the gas col-
umn and that t h e co mbustion noises are a tt ributable to 
such vibratio n s.* (The ignit ion was effected at the saine 
point in a ll three bombs, an 0_ th e concen tration of the 
mixtur e wa s t~ e s ame.) 
The drop of 2,300 Hertz in figure 13 is attributable 
to the effect of th e temperature on the velocity of sound, 
according to f ormula 
,- cp 
c = ,j g R T m/ s Co 
The noise began wit h the exponentially rising nonsinu-
soidal tone of 2,3 00 Hertz, Durin g the course of about 
0 .1 second, it fell t o 1,700 Hertz. Af ter reaching the 
fr e qu ency of 2,000 Hertz, there app eared for a brief period 
the p reviously men tioned d ouble fr e quency which, in this 
case, amoun ted to 4,000 Hertz. The conclusion is thus 
reached that the superposed h ighe r frequencies are vibr a-
tions of the g as column with a shorter wave len gth , which 
st and s in a d efin ite recip rocal harmonic ratio to the t o-
tal lengt h o f the bomb. For a sound velocity of 900 m/s 
(2,953 f t./soc.) the fundamental wave length is twice the 
leng th of t h e combustion ch amber. 
--- -----_. 
*Lorent ze n obtain ed, for a h ex an e-air mixture, PO = 6 
at m. , t 0 = 18 0 C., 4 • 5 6 pe r c e n t by vol urn e wit h abo m b 2 5 
Cin (9.84 in.) long , s ~ ortly before t he pr essure maximum, a 
vibr a tin g co mbu stion of the frequ ency v = 1,600 to ' l ,700 
Hertz. 
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SPECIAL TESTS 
In trying out the above-described new test method, 
t he fuels u sed in previous investigations, namely, hexane 
Os R14 and Eaku gasoline were employod (A.T.Z., 1932, p. 
263). The co nc entration of the fuel-air mixtures was de-
termin ed by tho Haber-Lowe interferometer and plotted 
against the excess-air factor according to figure 14. 
In the previous investigations the mixtures with 
excess-air factors of X = 1.3 and 1.25 under atmospheric 
pressure were found to be incapable of explosion. In the 
above-described tests, on the contrary, under higher ini-
tial pressures (4,7 and 10 atmospheres gage pressures) and 
a higher temperature (150 0 O. = 302 0 F.), such mixtures 
were fouild to be capable of explosion at even higher 
e Ac ess-air factors. 
The oscillo grams for the various fuel-air mixtures 
yield the following values: 
The combustion time of the bomb charge; 
The ma.ximum pressure during combustion; 
The relative time point of the beginning of ·the com-
bustion noise; 
The mean linear combustion velocity of the mixture 
at the beginning of the combustion; 
The explosion velocity of the mixture charge with re-
spect to the length of the bomb. 
In order to illustrate the dependence of these values 
on the co r.lp osition and concentration of the tested fuel-
air mixtures, the values are plotted in figures 15 to 18 
against the excess-air factor f... for each mixture. 
The t curve shows that an optimum of the combustion 
or explosion time lies at f... == 0.9, and that accordingly 
the mixture with the specified. excess-air factor f... = 0.9 
has the greatest explosion velocity vo. The optimum of 
the mean line a r combustion velocity of the mixture tested 
cannot be a ccurately determined f ro m the v 1 curve, due 
to the scattering of the individual values. It may, how-
ever, be assumed , i ll ccordailce with the course of the t 
-. 
-. 
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and Vo curves, that it is correct for mixtures with the 
same excess - air factor ~ = 0 5 9. The maximum pressure 
shows no optimum value, sillce the maximum explosion pres-
sure Pmax must na.turally rise with increasi:llg concentra-
tion of the mixture up to a yet unknown 1imito 
The explosion noise in the combustion of all the mix-
tures begins even before the flame front ~eaches the bot-
tOl~ of the bomb and before the maxim.um pressure develops. 
There seems therefore to be some connection here with the 
detonation in the engino, tho cause of which is attributa-
blo to the detonation of the mixture remaining toward the 
9n (1 of the combustion. (Schnauffer, V.D.I., April 11, 
1931.) 
The time intervals between Pmax and the visible be-
ginning of the combustion noise were designated by ~t in 
the present tests and included in the t1t curves. Taking 
into account the contraction already referred to with re-
spect to the logari thmic insert, the course of the ~ t 
curves shows that the beginning of the noise in mixtures 
of hexane vapor and air with increasing Pc (Pc = 4, 7, 
and 10 atmo sphere gage pre s sure) at ('opt has a min imum 
time value which is attributable to the very short combus-
tion time at this point. For the test bomb of 1,350 cm 3 
(82.4 cu.in o ) tne shortest time between the beginning of 
the noise and the maximum pressure was about 0.012 second 
or, with respect to t~e total combustion time t = 0.067 
second, 6t/t = 18 percent (table II). 
Lastly, it is especially worthy of note that, with 
the same mixture concentrations, the ratio of pressure 
increase is constant a.ccording to the theoretical formula 
Tmax is the absolute combustion temperature; To. the ab-
solute initial temperature; and the constant C is a fac-
tor, which takes into consideration the number of mole-
cules in the reaction. 
The pressure-increase ratios Pmax/Pc and ~Jl/PC 
(pJl = momentary pressure at test point J 1 ) experimental-
ly determined for h exane, a s also the quotients of the in-
stantaneous pressu res at the bo tt om of the bomb and at the 
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test point J 1 
Aopt = 0.9 the 
~'-bout 6.5. The 
r at i 0 Pmax fpc 
are shown graphically in figure 21. At 
mean p ressu re-increase ratio is Pmax/Pc; 
discrepancies in the pressure-increase 
for Pc = 4, 7, and 10 atmospheres gage 
pressure are therefore attributable to the variations in 
Pmax at strong concentrat i ons. For information concern-
ing the detailed results of the tests, table II gives the 
i ndividual values corresponding to t h e mixtures for which 
A = 0.7 to 1.4. 
The values for v 1 in the test series for Baku gas-
o l ine are not directly comparable with the analogous val-
ues f or h ex ane, since, in the tests with the forner, the 
ionization electrode J 1 was placed at a distance of 11.7 
em (4.6 in.) from the ignition point in contrast with t h e 
t e st s e r i e s wit 11 hex an e w h er e the dis tan c e was 0 n 1 y 8 c m 
(3 .15 in.). The consequent discrepancy in the values can, 
how ever, be on ly very s mall. Since the greater distance 
of 11.7 centimeters cor r esn ond s to a nore symmetrical di-
vision of t h e 25 c m (9.84 in.) length of the combustion 
c h amber, only this distance of 11.7 centimeters will be 
used in future tests. The test s eries with mixtures of 
he xane vapor and air at A = 0.9 shows no appreciable 
dep end ence on the initi a l p ressure Pc with respect to 
t h e t otal co mbu stio n ti me t a nd the flame velocity Vl. 
Th e Baku gasoline with Vo = 4.12 m/s (13.52 ft./sec.) 
a.t A = 0.9 had the g reatest exp losion velocity of all 
t h e mi x tures tested. This i s co n siderably lower than the 
expl osion veloci ti es in engines, which, in previous tests 
r anged up to 1 6 m/s (52.5 ft ./sec.) according to the igni-
tion a.dvance. (For further details see "Mitteilungen des 
I. f. K., Vol. VI, pp. 7 ff.) 
SUlAlI. .A.RY 
The resu lts of explosion exp eri ments with mixtures 
of 11exane and Baku-g a sol i ne vapor s an d air show that the 
new me thod is suitable f or such tests. 
By the simulta.neous inertialess recording of the pres-
sure incre a se, inst an t of ignition an d combustion noises, 
~ s well as t h e p ath of the flaTI e f ront, t h e following facts 
coul d be determi ned. 
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The maximum pressure during the combustion developed 
only after the arrival of the flame front at the bottom 
of the bomb. 
The maximum flame velo city during the first phase 
of t~e combustion is in the air-deficiency region at 
\ = 0.9. This flame velocity and also the combustiom pe-
riod up to the maximum pressure (explosion period) are 
independent of the initial pressure at Pc = 4 to 10 atm. 
gage pressure. 
The combustion noise begins even before the flame 
reaches the bottom. The time between the visible begin-
ning of the noiso in the oscillogram and the maximum pres-
suro is 20 to 30 percent of the total combustion timo t. 
It is recognizod that the noise is a secondary phe-
nomenon of the gas vibrations in the bomb. The maximum 
amplitude, as experimentally verified, was 4 atmospheres.* 
The noises consisted throughout of nonsinusoidal tones. 
In mixtur es with \ < 1 the noise developed exponen-
tially with close approximation. Since, even in the en-
gine. a similar beginning of the nonsinusoidal detonation 
noises was found, there seems to be some relationship be-
tween the two phenomena. 
Ey tests with three bombs of differ ent combustion-
chamber lengths, a direct proportion was established be-
tween the length of the combustion chamber and the recip-
rocal of the Hertz number of the gas vibrations, from 
which it was concluded that the vibrations of the combus-
tion gases in the bomb were longitudinal. The vibrations 
h~d frequencies between 900 and 4,000 Hertz. 
For a sound velocity of 900 m/s (2,953 ft./sec.) at 
Tabs = 2000 0 C. (3632 0 F.), the fundamental wave length 
is twice the length of the combustion chamber. 
*As to how far, due to the high frequency of tho vibrations, 
the inertia forces of the indicator affected the rocords, 
no conclusion can yet bo made. 
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SUPPLE:.1ENTARY TES TS 
I~ order to discov e r whether t ~ere is any connection 
between the relations determined in the bomb tests and 
t hos e existing in engines, several qualitative tests were 
made ~ith a sin~le-cylinder four-stroke-cycle engine with 
vertical valves located at the side. The piston was set 
at the upper dead center, so that the compression spa.ce of 
t he en g ine f ormed a bomb. This space was filled with a 
mixture of hexane vapor and ai r of g iven concentration, 
which was ignited by means of the spark plug on the engine, 
the combustion noise being recorded in the same way as in 
the bomb tests. 
The oscillogram in fig~re 22 shows that the combus-
tion noise begins and dies away just as in the tests with 
the small bomb. The noise begins with the frequency of 
3,200 Hertz, i.e., with the f requency of the detonation 
as determined for the e~gine. The noise then dies away 
through 2,500 Hertz to 2,100 Hertz. This a g reement indi-
cates that tho maximum length of the combustion chamber 
seems to be the determini ng factor f or the development of 
the noise. In the present case this was 13.3 cm (5.24 in.), 
as measured perpendicular to the cylinder axis which al-
most exactly aGrees thereforo with the bomb length of 13.8 
em (5.43 in.). This seems to justify the assu.mption that 
the results obtained in the bomb tests correspond in some 
degree to those obtained in the engine tests and that the 
detonation noise of the engines is identical with the com-
bustion noises of the bombs. From this it follows that 
the detonation noises are likewise at tributable to longi-
tudinal gas vibrations, which are produced by pressure 
variations and become audible oxternally. 
This assumption is further supported by the oscillo-
gram in figure 23, wh ere, at 27.g 0 i gnition advance, the 
noiso begins 1/175 socond after tho ignition and after 
passing the doad center, but boforo the production of the 
max imum pressure in the cylinder, and pressure fluctuations 
of like frequency are simultaneously visible in the pres-
sure curve. I f these were caused by the gas vibrations, 
their amplitude is not very g reat. Since, however, the 
detonation was very loud, these results indicate that the 
detonation of e ng ines is n ot so dangerous as has hitherto 
been assumed. 
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In the us e of knockproof benzol as engine fuel, there 
was nei ther any audi bl e 110i s.e, no r d.i d Ule pr e s sure dia-
g ram or the noise diagram in the oscillo gram (fig. 24) 
show any indications of gas vibrations during the combus-
tion. 
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TABLE I 
-----r L ar ge ---l-~-e-d-i-u-m---·'---S-m·-a-l-l--·-
I bomb bo mb bomb 
----------- - -l----------'--- ----- ... ----t-----------
Volume of combus-
tion chamber 1 , 350 cm3 f"V 485 em3 
Di ameter of com-
bu stion c h amb e r 
Leng th of co mbus-
t ion chamber 
Natural frequency 
of bomb 
Frequency of gas 
vibrations 
(e m3 X . 061 0 23 
8 . 5 em 5.6 em 
25 e m 19 . 7 cm 
11,850 Hertz 2,300 Hertz 
C 'l ·i n ) \,. ~ . - -. (Cf., X • Z,037 = i n .) 
'" 338 cm3 
5. 6 cm 
13 . 8 cm 
5,500 Hertz 
3,300 Hertz 
Concen- Ini-
tration tial 
of pres-
mi xture sure 
TABLE II 
Ini- IExcess ! combustion I Linear jExplosion lMaxi- Rati~ !Time t e- I: Ratio of 
tial air i t ime from 'I comDus-' veloci ty I mum of I tween b. t 
tem- Ifact or ' ignition tion Ifor bomb pres- pres- i visible to 
pera-I I to maximum ,veloc- 123.5 ern I sure sure Ibeginningl combus-
ture I pressure ity I long II in- ! of noise I tion 
Ifor 1350 cm3 I ,Icrease land maxi- I time t ibowb capacity I I! fl':nu:npres-
__ 1 I i I I I sure ! 
--r- ' , I I 
Fuel iVol . el p.c t o A Ii t 1 VI 'I' Vo Ipmax jP-max ! /\ t j' Dtt 100 
5exane 
C6 H14 
II 
I I , I ~ , ~tm. Cv J n~on9n_Im7s ! mls latm. I " i sec~-=:~ percent 
~ 2 50 ."-'40.0 !~10.00 I 0 .018 3 .06 
2 . 69 
2.40 
2.17 
1.97 
1. 81 
1 ,, 67 
1. 55 
f 
0.7 
0.8 
0.9 
1.0 
1.1 
0 . 094 
0 . 070 
0 .067 
0.072 
19 
2G 
27 
25 
22 
19 
3 .06 
2.69 
2.40 
2.17 
1,97 
1. 81 
1,,67 
1. 55 
4,.0 
7.0 
'150) 
l l.2 1.3 1.4 
1501 
I l 
0.7 
0.8 
0.9 
1.0 
1.1 
1.2 
1.3 
1.4 
O. OS3 
0.097 
0 .ll8 
0.1 45 
0. 086 
0.070 
0.067 
0.071 
0.079 
0 .095 
0.120 
0.155 
I· 3.90 3.36 I 28.5 \ 7.13 I 0.018 3.95 3.51 26.0 6.50 0.018 
3 .60 3.26 24.0 6.00 0.018 
3.15 12.83 22.8 5.70 0.018 
2.75 I 2.42 21.8 5.45 0.018 
2.30 I ·1.99 20.8 5.20 
1. 85 , 1. 62 20.0 5 .00 1 
I 
2.15 'I 2.73 ~60.0 - 8 . 57 I 0 .016 
3 .15 3 .36 51.0 7.28 0.013 
3.65 II 3.51 48.3 6.90 0.012 
3.55 3.31 46.2 1 6.59,0.013 
3.25 2.97 44.0 6.28 0.015 
2.82 I 2.47 41.5 5.93 1 0 •018 
2.30 I 1.96 39.0 5.57 -
1.70 I 1. 52 1 36.0 : 5.141 
19 
19 
18 
18 
19 
19 
- ' , 
r~ 
~ 
. 
o 
lP 
t-3 
(ll 
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P' 
~ 
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(') 
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t; 
0) 
8 
p.. 
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S 
2: 
Ci> 
---:1 
I-' 
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(J) 
TABLE II (Cont'd) 
concen- I!r~i - l I ni-~ lE~cess I co~b~stion-~rLinear -ll-Expl~SionfMa.ri-=-IIR~tiO I' Time te- 'Ratio of 
tration tial ! tial ,' air 'Itime from combus- velocity murn of tween f::, t 
of pres- ' tem- factor ignition tion for bomb pres-,pres- visib le to 
mixture l sure Ipera- i ,to maximum veloc- I 23.5 cm sure Isure Ibeg i nning c ombus-
I Iture I Ipressure for ity I long ! in- 1of noise I tion I I I 11350 cm3 bomb /' crease i and ma-x:i- time t 
I : i Icapaci ty I I mum pres-
! I ! I I I sure I I I I 
1"1 V l d ! I t ! I t I i 
- u e 0 • 7C I Pc I 0 ! A. , vI I v 0 I Pmax I--I I I , Pc 
: i atm. CO I second m/ s m/ s atm. 
Hex~ne I 2.87 I f' 0 .75 0 . 087 2.45 2 .70 73.0 ~7.30 
Cc H14 ; 2.69 I I I 0.8 0.073 3.10 3.22 65.0 6.50 I 2 .40 I ' 0 .9 0.062 3.65 3.79 58. 0 5. 80 
; 2.17 j 1 1.0 0 . 0 66 3.65 3 . 56 56 .0 j 
! 1. 97 110.0 150 1.1 0 .077 3.35 3.05 54 . 01 
1.81 ,1 1.2 0.096 2.75 2.45 53.0 j 
1.67 1.3 0.126 2.10 1.87 52.0, 
1.55 1.4 0 .180 1. 55 1.30 51.5 
Baku I 0.7 0.092 2.75 2.55 64.5 9.22 
gaso- 2.45 I 0.8 0 .063 4 .25 3 .73 60.01 8.58 
line 2.18 0 .9 0 .057 4 .50 4 .12 55.5 7.93, 
1.97 I 1.0 0 .064 4.20 3 .57 52.0 7.43 
1.79 I 7.0 150 1.1 0 . 0 74 3.75 3.17 48 .0 6.85 I 
1.65 I [I 1.2 0 . 086 3 .30 2 .73 44 .5 , 6 .35 I 
1. 53 1 II 1. 3 0 . 098 2 • 85 2 .40 41 .5 ! 5 . 93 I 
1.42 I 1.4 0.112 2.40 2.10 38.5 1 5 .50 
__ --'---_ __ ----1- _ --'--___ . _ , : 
c.t 
second 
0.022 
0.017 
0.013 
0.016 
0.023 
0.014 
0.016 
0.019 
0.023 
0.027 
0.030 
0.034 
0 .03 8 
.6t 
T 100 
percent 
25 
23 
21 
24 
30 
15 
25 
33 
36 
36 
35 
35 
34 
2: 
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CD 
o 
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...,-
o 
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ROIIren vollmeter 
24 
- + 
ficllung Volt 
29 
31 2 9 
LiCIlfPunU--tLrnse N 
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9 
16 
I 
.29 I 
iJnse i. 
-i--7,7 
raden-
Galvanometer 
v 
32 
Kompen -
safion 
., 
:rig. 1 
Opliseh 
.. 
Zei fsc!>/ 
20 
Braunsc!> 
Rohr. 
25 
- Vorsp 
1, Test bomb. 2, Heating jacket. 3, Tightening cone. 4, Screw cover. 
5, Gas inlet. 6, To interferometer. 7, Diaphragm. 8, Quartz Chamber. 
9, Quartz bo~. 10, Tension screw. 11,12, Electrodes. 13,14, Ioniza-
tion circuits. 15,16, Galvanometers. 17,18, Mirrors. 19, Film reel. 
20, Optical time recorder. 21, Contact for remote ignition. 22, Re1~. 
23, Induction circuit. 24, Static tube vo1~neter. 25, Braun' s tube. 
26, Lens. 27, Condenser microphone. 28, Braun's tube. 29, Lens. 
30, Ignition-point recorder. 31, Light point. 32, Voltage compensation. 
33, Noise recorder. 
Figure I.-Diagram of apparatus. 
.-
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7ipre 2.-Combustion of hexane vapor (2.9l~ b7 volume). Pc-= 4 atm. 
to -=150oC.~=O.736. Notae frequencies Vi=900/sec., 
V2- 18OO/sec. 
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Fi gure 3.-Combustton of hexaDe vapor (l.~ by volume). pc. 4 atm. 
to -=150oC.,,= 1.19. Noise frequency- v= 19OO/s8c. 
Figure 5.-Detonation noise of an Elite engine. n =1000/mln. Igni-
tion advance 40°. Noise frequency ..;c 3340/8ec. 
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Figure 6 . - Ar.lp1i t ude increase of c ombustion no i s e ~Ln engi ne a nd in 
b omh . 
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figure 7.-Combust10n of hexane vapor (2.9~ by vo11l111e). pca 10 atm. 
tom 150°0."= 0.735. Noise frequency v= 1850/ sec. 
Jigure 8.-Oombu.stion of hexane vapor (1.54~ by voll11le.) po. 10 ·atm. 
to -150°0.". 1.41. Noise frequency v =1850/8ec. 
figure 9.~.ctr1cal.17 separated gas-pressure vibrations. Hexane 
vapor. pc. 10 atm.. to&: 150°0. v-1850/sec. 
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Noise 
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I ~ 
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loundation 't f. " 
vi brat.1ona ' 63..,'" 
J1care 10.-1oundation vibrations for the combustion of hexane vapor 
in the fi,rml7 secured bomb. Noise frequency V2 = 1800/S8C'. 
Jmp1itude a2 ~2.5 X lO-7J%11l. 
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Figure H.-Noise diagram of a mechanically struck, thin-
walled bomb with combustion Chamber 13.8 CM long. 
Natural -vibration frequency v= 5fJXJ/lec. 
z 
Noise 
Figure l2.-Combust1on noise in thin-walled bomb with combus-
tion chamber 13.8 au long. Noise freqwmcies ~ 3300/ sec. 
Noise 
Figure 13.-Combustion noise in bomb with combustion Chamber 
19.7 em long. Noise frequencies: vl=2300/sec.; 
v2= 4(JOO/ sec. 
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Figure 1 5 .-C or:lb.ls-;;iQ;1 times , p r essure s and veloci ties for mi xtures 
of l'h~xane vapor and ai r at 4 atm . p lotted. against the excess-
a ir factor "'A. 
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Figur e 16 .-Corn1:ustioE ti;nes , p r essLJ.res and vol o_ i t~.es for mixtures of 
l:Gxane vapor anrl ai r a t 7 D.tl:: . pJ.)ttcd <"{:ai r. s t t i-le exce(lS-
air factor 
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Figure 24.-Pressure-tfme diagram of running 
engine. n= lOCO/min. :Benzol. 
Film ve1oc1t~ 7 m/sec. 
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